In this letter, we compare the structures of plasma-enhanced chemical vapor deposition of Ni-catalyzed and Pd-catalyzed carbon nanofibers ͑CNFs͒ synthesized for on-chip interconnect applications with scanning transmission electron microscopy ͑STEM͒. The Ni-catalyzed CNF has a conventional fiberlike structure and many graphitic layers that are almost parallel to the substrate at the CNF base. In contrast, the Pd-catalyzed CNF has a multiwall nanotubelike structure on the sidewall spanning the entire CNF. The microstructure observed in the Pd-catalyzed fibers at the CNF-metal interface has the potential to lower contact resistance significantly, as our electrical measurements using current-sensing atomic force microscopy indicate. A structural model is presented based on STEM image analysis.
The superior properties of carbon nanotubes ͑CNTs͒ and carbon nanofibers ͑CNFs͒ have given rise to an abundance of studies on potential applications. Nanoelectronic devices fabricated using these carbon-based nanostructures have been introduced for both transistor and interconnect applications. 1, 2 For interconnect applications, the resistance of carbon nanostructures and the carbon-substrate interface must be minimized. Resistance is closely tied to the CNF structure as determined by different growth methods [3] [4] [5] or processes. [6] [7] [8] [9] Therefore low-resistance interconnect development using CNFs requires an understanding of the structure and critical feedback to the manufacturing process from high-resolution microscopy.
Previous studies have demonstrated the use of Pd as a near-ohmic contact material for a CNT device, 10 and plasmaenhanced chemical vapor deposition ͑PECVD͒ of CNFs has also been demonstrated using a thin-film Pd catalyst. [11] [12] [13] Our present work combines these two efforts using Pd as a catalyst material for growing vertically aligned CNF structures while minimizing structural disorder at the CNFcontact metal interface that can lead to high contact resistance. In this letter, we compare the structure of nanofibers catalyzed by Ni and Pd using scanning transmission electron microscopy ͑STEM͒. We also discuss which catalyst material is more suitable for interconnect development through analysis of the STEM images and electrical measurements.
We have previously proposed a "bottom-up" approach for developing CNF interconnects. 14 The detailed conditions for PECVD of CNFs have been previously discussed.
14-16 A 35 nm film of catalyst material ͑Ni or Pd͒ is deposited on either a Cr or Pt underlayer by electron-beam evaporation. CNFs are subsequently deposited using PECVD. 15 In order to prepare a STEM sample for characterizing the body of the nanofiber, as-grown CNFs are dispersed in isopropyl alcohol, sonicated, and placed onto a copper grid coated with a lacey carbon film. For characterizing the CNF-metal interface region, CNFs are left attached to the substrate and SiO 2 is deposited using tetraethoxysilane tetraethylorthosilicate chemical vapor deposition to encapsulate the as-grown nanofibers.
14 The deposited SiO 2 protects the CNF from damage during STEM sample preparation. The crosssectional STEM sample is then prepared using focused ion beam ͑FIB͒ thinning. In order to maintain the integrity of CNFs during sample preparation, sputtering using a 10 kV FIB is used to prepare the STEM sample. The samples are imaged using a STEM with a point-to-point resolution of 0.204 nm, equipped with energy-dispersive x-ray spectroscopy ͑EDX͒ capability.
Low-magnification STEM images of Ni-catalyzed CNFs reveal a conventional fiberlike structure. 6, [17] [18] [19] At the tip section, a cup-shaped structure is observed and the structural transition of a cup-shaped angle from the tip to the bottom of the CNF is also observed as previously reported. 7, 18 Highresolution STEM observations show that the carbon structures comprising the cup-shape are graphitic layers with 0.34 nm spacing ͓Figs. 1͑b͒-1͑f͔͒. The graphitic layer structure at the tip of a Ni-catalyzed PECVD nanofiber has been investigated by transmission electron microscopy previously, 20 thus the discussion here will focus on the CNF body and interface nanostructure. Graphitic layers, approximately 5 nm in thickness, are observed along the sidewall as shown in Fig. 1͑b͒ . However, almost all of these graphitic layers become cup shaped toward the base of the nanofiber ͓Figs. 1͑b͒ and 1͑c͔͒, with the bottom of each cup almost perpendicular to the nanofiber axis ͓Fig. 1͑d͔͒. The types of disorders seen in Figs. 1͑a͒-1͑c͒ are primarily responsible for the commonly observed inferior electrical properties of CNFs compared to ideal multiwalled ͑MW͒ carbon nanotubes, where all of the walls, end-to-end, are parallel to the central axis of the nanotube. A cross section of the CNF-substrate interface is shown in Figs. 1͑e͒ and 1͑f͒ . The boundary among CNF, SiO 2 , and metal layer in the cross-sectional region is determined using EDX analysis. graphitic layers that are almost parallel to the substrate, as seen in Fig. 1͑f͒ .
STEM images of Pd-catalyzed CNFs at low magnification are shown in Fig. 2͑a͒ . Pd-catalyzed CNFs at the tip section have MW-like structures as shown in Fig. 2͑b͒ . The observation of Pd-catalyzed CNFs using high-resolution STEM reveals that the cup-shaped layers on the interior terminate to MW-like structures near the sidewall of the fiber, as shown in Figs. 2͑c͒ and 2͑d͒ . Moreover, the striking characteristic of this Pd-catalyzed CNF is that the MW-like structures are observed not only at the tip section but also throughout and near the base of the nanofiber ͓Fig. 2͑e͔͒. The thickness of the MW-like structure, shown in Figs. 2͑d͒ and 2͑e͒, is approximately 20 nm. In addition, there is no cupshaped structure observed near the CNF base. STEM images exploring the fiber-metal interface area of the Pd-catalyzed CNF sample ͑prepared by FIB͒ are shown in Fig. 3 . The interfacial structure of Pd-catalyzed CNFs shows MW-like morphology approaching the CNF-substrate interface that is almost perpendicular to the substrate. The cup-shaped structure near the interface ͓Fig. 1͑f͔͒ is not observed, while it is present in the case of Ni-catalyzed fibers.
Current-voltage measurements show a reduction in resistance in the Pd-catalyzed CNFs when compared to Nicatalyzed CNFs. 21 Current-sensing atomic force microscopy measurements of single nanofibers were conducted using the metal underlayer as bottom contact, and making top contact to the CNF through a conducting atomic force microscope probe tip. The choice of metal underlayers is inconsequential because measured sheet resistances of both Cr and Pt prior to PECVD showed just a few ohms, which is negligible in comparison to CNF resistance values measured in the k⍀ range. The resistance of a typical single Pd-catalyzed CNF measured using this configuration was around 9 k⍀, with a distribution mean and standard deviation of 9.0± 1.6 k⍀. A typical Ni-catalyzed CNFs showed consistently higher resistances around 13 k⍀, with a distribution mean and standard deviation of 13.3± 3.0 k⍀. 21 Further analysis of the resistance data using the Student's T distribution shows that the Ni-and Pd-catalyzed resistance distributions will not overlap at a 99% confidence level. Because the length ͑4 m͒ and diameter ͑50 nm͒ of these CNFs are similar, this difference in resistance can be attributed to structural differences between the two types of CNFs. These measurements include both tip-to-CNF and CNF-metal contact resistances and the systematic error inherent to the instrument. Nevertheless, the results demonstrate a difference in resistance between the two systems. Figure 4 shows the proposed structural models of Nicatalyzed and Pd-catalyzed CNFs. In the case of a Nicatalyzed CNF, some graphitic layers may initially form under the Ni catalyst particle and the cup-shaped structure emerges as the growth continues. 7 For interconnects, the cupshaped structure and arrangement of graphitic layers parallel to the substrate at the CNF base give rise to a significant resistance, as electrons must flow across the basal planes of the graphitic layers. In contrast, Pd-catalyzed CNFs have a MW-like structure on the sidewall from tip to bottom. In addition, the thickness of graphitic layers of Pd-catalyzed CNFs ͑20 nm͒ at the sidewall is larger than that of Nicatalyzed CNFs ͑5 nm͒. These structures are expected to facilitate better electron conduction as compared to Nicatalyzed CNFs, as electrons flow parallel to the nanofiber axis. It is likely that the difference in structure observed near the CNF-substrate interface is caused by dissimilar diffusion mechanisms of carbon atoms through different catalyst materials. It has been reported that carbon diffuses through a Ni 3 . STEM images of a Pd-catalyzed CNF at the base ͑a͒ at low magnification and ͑b͒ at high magnification. In ͑b͒, the solid lines indicate the boundary among CNF, SiO 2 , and metal layer, which is determined by using EDX analysis. The broken lines indicate the graphitic layer orientations.
particle well during the PECVD of CNFs. 8 As carbon atoms diffuse through the Ni particle, graphitic layers are created on the surface of the Ni particle. 7 In the case of a Pd particle, rapid carbon diffusion 22 may form graphitic layers on the outer edges of the particle parallel to the tube axis. The main difference in these two carbon diffusion mechanisms is the lack of graphitic layers being created underneath the Pd particle. As a result, during the initial growth of Pd-catalyzed CNFs, graphite layers are created on the sidewall of the Pd particle. More studies of carbon diffusion during PECVD using a Pd catalyst should be performed to gain a firm understanding of how the growth kinetics affect electrical properties of plasma-grown CNFs.
In summary, the interface and interior structures of Nicatalyzed and Pd-catalyzed CNFs are revealed using STEM. While Ni-catalyzed CNFs have a conventional fiberlike structure and stacked graphitic layers almost parallel to the substrate near the CNF-metal interface, Pd-catalyzed CNFs have a MW-like structure near the sidewall spanning the entire CNF, which, among other factors, leads to lower resistance for on-chip interconnect applications. The results suggest that Pd is a more suitable catalyst than Ni for the growth of CNFs used as on-chip interconnects.
